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Abstract. For high-accuracy finite element (FE) simulation of automobile crashing behavior, a work 
hardening curve that involves pre-strain from press forming is required. Here, the plastic strains 
exceeding the uniform deformation region are generally introduced through processes such as 
bending, but such large pre-strain effect have not been reported. Therefore, in this study, for DP590 
steel, the work hardening curve for second-stage tension under pre-strain exceeding the uniform 
deformation region was identified. This identification was enabled by the diameter measurement 
tensile test developed by the authors. As a result, in the second-stage tension in the same direction as 
the first-stage tension, the initial yield stress showed a tendency to overshoot relative to the original 
work hardening curve, revealing that strain aging occurred. The overshoot portion formed a stress 
plateau that continued up to an equivalent plastic strain of 0.18. Such a tendency has not been 
observed in DP590 steel, making this a phenomenon revealed for the first time. When the tensile 
direction in the second stage was orthogonal to the first stage, the cross-hardening effect (reduction 
in initial yielding due to the Bauschinger effect and overshoot from the original work hardening 
curve) was observed. The stress plateau region due to overshoot continued up to an equivalent plastic 
strain as large as 0.6. These large plateaus concluded that work hardening presents perfect plasticity 
at large deformed press parts. 

Introduction 
To achieve both weight reduction and crashworthiness in automobiles, advanced high-strength steel 

(AHSS) sheets have become widely adopted. As material strength increases, equivalent crushing 
performance can be obtained even with reduced sheet thickness. Although problems specific to AHSS 
exist, such as tool damage [1], delayed fracture [2] caused by remarkably high tensile residual stress 
[3, 4] combined with deformation-induced microstructural changes [5, 6], and incidental fracture 
during press forming [7], significant progress has been made in addressing these issues in recent 
years. Indeed, automobile frames incorporating materials with more than 60% AHSS content have 
been released. 
For the design of crash components, crash simulations using the finite element method (FEM) are 

often performed in advance. FEM requires input of the work-hardening curve of the material used in 
the frame. The work-hardening curve of as-received material is often employed as input. However, 
to improve the accuracy of crash FEM, a work-hardening curve that accounts for plastic strain during 
press forming is necessary. 
The simplest approach involves directly subtracting the plastic strain imposed by press forming from 

the work-hardening curve of as-received material. However, deformation during crash involves path 
changes relative to deformation during press forming. When the deformation path changes, a decrease 
in yield stress due to the Bauschinger effect occurs, followed by an overshoot from the original work-
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hardening curve [8–10]. These behaviors are collectively termed the cross-hardening effect, and their 
characteristics have been analyzed through various experiments [8–10]. 
In most cases investigating the cross-hardening effect, plastic deformation prior to strain path change 

remains below uniform elongation. This is because specimens extracted from necked test pieces do 
not exhibit uniform elongation, and conventional tensile tests cannot measure the work-hardening 
curve beyond this point. However, pre-strain levels below uniform elongation are not necessarily 
sufficient for practical applications. Because AHSS exhibits relatively low ductility, press forming is 
performed primarily through bending deformation. During bending processes, plastic strains 
exceeding uniform elongation are commonly encountered. 
Therefore, in this study, identification of the work-hardening curve was attempted for 590 MPa class 

dual-phase (DP) steel subjected to a 90-degree deformation path change. At ESAFORM 2024, the 
authors reported the relationship between true stress (𝜎𝜎𝑡𝑡 ) and cross-sectional area reduction (𝜌𝜌) 
obtained using diameter-measurement-type tensile testing [11], which was developed by the authors 
[12–14]. The present work identifies the flow stress curve through FE simulation based on the 𝜎𝜎𝑡𝑡–𝜌𝜌 
curve measured in the previous study. 

Experimental and Simulation Methods 
Material 
A DP steel with a tensile strength of 560 MPa was used as the test material. Its chemical component 

and mechanical properties are shown in Tables 1 and 2, respectively. The steel was fabricated in the 
laboratory with the intention of being equivalent to DP590. 

 

C Si Mn 

0.038 0.50 1.50 

Table 2. Mechanical properties of tested steel. 

Yield stress 
[MPa] 

Tensile strength 
[MPa] 

Uniform 
elongation [%] 

Total elongation 
[%] 

335 561 19 31 

Preparing small round-bar specimen 
The compact round bar tensile test with pre-strain introduction has already been reported at 

ESAFORM 2024 [11] and is described again below. 
No. 5 type specimens with 2.5-mm thickness, standardized by Japanese Industrial Standards (JIS) 

Z2241, were subjected to preliminary tensile testing before subsequent compact tensile tests. 
Hereafter, this sheet-type tensile testing is referred to as JIS5 tensile test. The JIS5 specimens were 
elongated up to 23% under post-necking conditions. To estimate the local Mises strain, measurement 
by digital image correlation (ARAMIS system, GOM) was performed in advance on one JIS5 tensile 
test. The distribution of Mises strain is shown in Fig. 1, with a maximum value of approximately 0.31. 
 

Table 1. Chemical components of tested steel (mass%). 
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As depicted in Fig. 2, the preliminary tensile test was aligned such that the tensile direction of the 

small round-bar specimens corresponded to the transverse direction of the cold-rolling process 
(referred to as the transverse direction). Accordingly, the JIS 5 specimens were elongated in the 
transverse direction, and subsequent tensile specimens were extracted in two orientations: one aligned 
with the transverse direction, representing no strain path change (Fig. 2a), and the other aligned with 
the rolling direction, such that the subsequent tensile direction was perpendicular to the preliminary 
tensile direction (Fig. 2b). It should be noted that this configuration does not constitute a strictly 
orthogonal strain path change in a rigorous sense, because diffuse necking developed in the JIS 5 
specimens (as shown in Fig. 1), resulting in a stress state that deviated from pure uniaxial tension 
prior to the extraction of the subsequent specimens. 
With such large pre-strain, virtually no uniform elongation is observed in the subsequent tensile 

testing. Consequently, work-hardening curves cannot be identified using conventional sheet-type 
tensile specimens with elongation measurement. The compact tensile testing system with real-time 
diameter measurement developed by the authors enables the determination of the true stress versus 
true strain curve in the post-necking region by measuring the diameter at the necking section instead 
of elongation. As described later, work-hardening curves can be identified through FEM-based curve 
fitting using the measured load and diameter values as references. Although it may be suggested that 
measuring the rectangular cross-sectional area of sheet-type specimens would suffice, unlike circular 
cross-sections, the rectangular shape is not maintained in the post-necking region, making accurate 
measurement of the cross-sectional geometry difficult. 
The design of the small round-bar specimens is presented in Fig. 3. The thinnest part of these 

specimens had a diameter of 1.0 mm, enabling their extraction from the JIS 5 specimens that had 
undergone pre-straining exceeding the onset of necking. 
 
 

Fig. 1. Equivalent (Mises) strain distribution in JIS5 tensile test at 23% 
elongation. 
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Compact tensile test with real-time diameter measurements 
 After extracting the small round-bar specimens, compact tensile tests with real-time diameter 
measurements were executed, generating 𝜎𝜎𝑡𝑡– 𝜌𝜌 curves. In these compact tensile tests, the diameters, 
𝐷𝐷𝑎𝑎 and 𝐷𝐷𝑏𝑏, of the thinnest cross-sectional area under tension were continuously measured in two 
directions. The diameter measurements were performed using an LED-projection-type dimension 
measuring instrument (Keyence TMX 5006). Although the dimensional measurement accuracy is 
±0.2 μm, the measured values contain scatter due to the algorithm used to identify the minimum 
diameter section. Further details can be found in the authors' previous work [14]. The specimen was 
oriented such that 𝐷𝐷𝑏𝑏 corresponded to the thickness of the original steel material. The 𝜎𝜎𝑡𝑡 and 𝜌𝜌 in the 
cross-section were calculated as follows: 

𝜎𝜎𝑡𝑡 =
4𝐹𝐹

π𝐷𝐷𝑎𝑎𝐷𝐷𝑏𝑏
, (1) 

𝜌𝜌 = ln�
𝐷𝐷02

𝐷𝐷𝑎𝑎𝐷𝐷𝑏𝑏
� , (2) 

where 𝐷𝐷0 corresponds to the initial diameter of the specimen (1.0 mm). 
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Small round-bar Small round-bar 
 

Fig. 2. Sampling position of the small round-bar specimens and the tensile 
direction of the JIS 5 tensile test prior to compact tensile testing: (a) subsequent 
tensile direction parallel to the preliminary tensile direction (FD case) and (b) 
subsequent tensile direction perpendicular to the preliminary tensile direction 

(OD case). 

3.0 radii 

φ1.0 

2.0 

Fig. 3. Geometry of the small round-bar specimen depicted in an axisymmetric 
two-dimensional drawing. 
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FE Simulation 

Furthermore, to reproduce the measured 𝜎𝜎𝑡𝑡– 𝜌𝜌 curve, the flow stress curve was identified through 
tensile simulations using FEM. A two-dimensional axisymmetric model was employed, and 
conventional boundary conditions were applied, in which one end was fixed and the other was driven 
under displacement control. Further details can be found in our previous publications [12, 13, 15]. 
The commercial static implicit FEM solver Abaqus Standard was used for the computation. Even for 
materials that exhibit upper yield point in elongation-measurement-type tensile tests, they do not 
show it in geometry-measurement-type tensile tests. Therefore, based on the original work hardening 
curve offset by the amount of pre-strain (equivalent strain), a flow stress curve composed of three 
parts was assumed: the yield stress reduction part corresponding to the Bauschinger effect (Eq. (3)), 
the yield stress overshoot and plateau part (Eq. (4)), and the return to the original curve. These parts 
transition at specific strain values 𝜀𝜀𝐵𝐵 and 𝜀𝜀𝑆𝑆. In addition, in the latter part of the work hardening curve, 
a linear term 𝐾𝐾𝑙𝑙 was multiplied as shown in Eq. (5) to correct the deviation from the reference curve 
𝑌𝑌𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑡𝑡�𝜀𝜀𝑝𝑝�. 

𝑌𝑌𝑠𝑠𝑡𝑡�𝜀𝜀𝑝𝑝� = 𝜅𝜅�𝜀𝜀𝑝𝑝 + 𝛾𝛾�𝜂𝜂                 for   𝜀𝜀𝑝𝑝 < 𝜀𝜀𝐵𝐵           (3) 

𝑌𝑌𝑠𝑠𝑡𝑡�𝜀𝜀𝑝𝑝� = 𝑌𝑌𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑡𝑡                            for  𝜀𝜀𝐵𝐵 ≤  𝜀𝜀𝑝𝑝 < 𝜀𝜀𝑆𝑆  (4) 

𝑌𝑌𝑠𝑠𝑡𝑡�𝜀𝜀𝑝𝑝� = 𝐾𝐾𝑙𝑙𝑌𝑌𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑡𝑡�𝜀𝜀𝑝𝑝�                for   𝜀𝜀𝑝𝑝 ≥ 𝜀𝜀𝑆𝑆 .        (5) 

𝑌𝑌𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑡𝑡�𝜀𝜀𝑝𝑝� is the offset curve of the original (without pre-straining) flow stress curve 𝑌𝑌(𝜀𝜀𝑝𝑝), expressed 
as 

𝑌𝑌𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑡𝑡�𝜀𝜀𝑝𝑝� = 𝑌𝑌�𝜀𝜀𝑝𝑝 + 𝜀𝜀𝑝𝑝𝑝𝑝𝑝𝑝� (6) 

where 𝜀𝜀𝑝𝑝𝑝𝑝𝑝𝑝 is the pre-strain. 
The original (without pre-straining) flow stress curve 𝑌𝑌(𝜀𝜀𝑝𝑝) was identified using small round-bar 

tensile specimen with integration of real time diameter measurement and FE simulation. The curve is 
identified as: 

𝑌𝑌�𝜀𝜀𝑝𝑝� = (1 − 𝑎𝑎)𝑌𝑌1�𝜀𝜀𝑝𝑝� + 𝑎𝑎�𝑌𝑌2�𝜀𝜀𝑝𝑝� + b� (7) 

where 𝑌𝑌𝑖𝑖�𝜀𝜀𝑝𝑝�, 𝑖𝑖 = 1, 2, denotes Swift work-hardening law as follows: 

 
𝑌𝑌𝑖𝑖�𝜀𝜀𝑝𝑝� = 𝐾𝐾𝑖𝑖�𝜀𝜀𝑝𝑝 + 𝑐𝑐𝑖𝑖�

𝑐𝑐𝑖𝑖 . (8) 

𝑎𝑎 and 𝑏𝑏 are the parameters for switching from 𝑌𝑌1�𝜀𝜀𝑝𝑝� to 𝑌𝑌2�𝜀𝜀𝑝𝑝� in 𝑌𝑌�𝜀𝜀𝑝𝑝� as 
 

𝑎𝑎 =
tanh�50�𝜀𝜀𝑝𝑝−𝜀𝜀𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠ℎ��+1

2
 (9) 

𝑏𝑏 = 𝑌𝑌2(𝜀𝜀𝑠𝑠𝑠𝑠𝑖𝑖𝑡𝑡𝑐𝑐ℎ) − 𝑌𝑌1(𝜀𝜀𝑠𝑠𝑠𝑠𝑖𝑖𝑡𝑡𝑐𝑐ℎ). (10) 

Here, 𝜀𝜀𝑠𝑠𝑠𝑠𝑖𝑖𝑡𝑡𝑐𝑐ℎ represents the plastic strain corresponding to the transition from 𝑌𝑌1�𝜀𝜀𝑝𝑝� to 𝑌𝑌2�𝜀𝜀𝑝𝑝�. The 
identified parameters are shown in Table 3. 

 
𝐾𝐾1 𝑛𝑛1 𝑐𝑐1 𝐾𝐾2 𝑛𝑛2 𝑐𝑐2 𝜀𝜀𝑠𝑠𝑠𝑠𝑖𝑖𝑡𝑡𝑐𝑐ℎ 

882.0 0.152 0.00165 809.7 0.11 0.00031 0.20 

 
 

Table 3 Parameters of the 𝑌𝑌�𝜀𝜀𝑝𝑝� identified through compact tensile testing 
combined with FE simulation. 
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Results and Discussion 
Figure 4 presents the flow stress curves identified through subsequent compact tensile testing 

integrated with FE simulation. The identified parameters are listed in Table 4. The flow stress curves 
in Fig. 4 are normalized by the respective 𝐾𝐾𝑙𝑙 values, such that the curves coincide in the larger strain 
region (𝜀𝜀𝑝𝑝 ≥ 𝜀𝜀𝑆𝑆) under all conditions. 

First, in the following direction (FD)—where the JIS 5 and subsequent tensile testing directions 
are identical—the flow behavior in the small strain region is characterized by an overshoot followed 
by a stress plateau. The initial yield stress is approximately 40 MPa higher than 𝑌𝑌𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑡𝑡(0). (Because 
this value is normalized by 𝐾𝐾𝑙𝑙, it does not necessarily correspond to 𝑌𝑌𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑡𝑡 in Table 4). The results 
indicate that this stress plateau persists until 𝜀𝜀𝑝𝑝 = 0.18. 
In contrast, during tension in the orthogonal direction (OD), the initial yield stress decreases by 

approximately 80 MPa, indicating a clear Bauschinger effect. The flow stress then increases to 810 
MPa before forming a stress plateau. This plateau persists up to 𝜀𝜀𝑝𝑝 = 0.60, a behavior consistent with 
nearly perfect plasticity. 

Figure 5 provides a comparison between the measured and FE-simulated 𝜎𝜎𝑡𝑡– 𝜌𝜌 curves. Although 
the shape differs considerably from the work-hardening curves in Fig. 4, this is attributable to the 
hydrostatic stress arising from necking. In the strain range corresponding to the stress plateau region, 
the true stress increases due to the development of hydrostatic stress caused by necking [15]. Since 
the equivalent stress under the von Mises yield criterion does not include the hydrostatic stress 
component, the equivalent stress itself does not increase even when the hydrostatic stress becomes 
large due to necking, that is, even when the true stress increases. Consequently, the true stress 
continues to increase even when the work-hardening curve exhibits a plateau. The increase in 
hydrostatic stress due to necking is widely recognized through the Bridgeman analysis[16]. With this 
understanding, examination of Fig. 5 confirms that the FE simulation, which utilizes the flow stress 
curves from Fig. 4, accurately reproduces the measured values. Fig. 5a also displays a linear fit line 
in the small strain region, revealing that 𝜎𝜎𝑡𝑡 deviates from this tangent at approximately 𝜌𝜌 = 0.18. 
This observation corroborates the finding that the stress plateau region persists until  𝜀𝜀𝑝𝑝 = 0.18. In 
the plateau region of the flow stress curve, the hydrostatic stress generated by necking produces a 
slight gradient in the 𝜎𝜎𝑡𝑡– 𝜌𝜌 curve as described above. 
In the case of OD tension (Fig. 5b), the measured data exhibit a plateau region even on the 𝜎𝜎𝑡𝑡– 𝜌𝜌 

curve. Considering the slight gradient of 𝜎𝜎𝑡𝑡 observed in FD tension (Fig. 5a), such a plateau implies 
a gradual decrease in flow stress. Actually, from approximately 𝜌𝜌 =  0.20 onward, the 𝜎𝜎𝑡𝑡 predicted 
by the FE simulation is slightly higher than the measured values. This discrepancy suggests that 
incorporating work softening into the flow stress curve could improve the agreement; however, 
introducing work softening into the FE simulation severely deteriorates numerical convergence, and 
resolving this discrepancy was not achieved in the present study. Nevertheless, this discrepancy is 
not substantial, and the existence of an extended plateau over a remarkably large range of plastic 
strain, or a gradual work softening trend, is an unambiguous observation from the experimental results. 
Given that the use of a work softening curve must be avoided due to the convergence difficulty, the 
nearly perfectly plastic flow stress curve derived in Fig. 4 represents a reasonable approximation for 
predicting the actual deformation behavior. 
It is noteworthy that such differences are observed between the FD and OD cases despite both 

exhibiting stress plateaus. The detailed mechanism underlying this difference remains unclear at this 
stage. We hypothesize that the plateau region inherently exhibits a slight softening tendency, which 
becomes more apparent in the 𝜎𝜎𝑡𝑡– 𝜌𝜌 curve for cases with a wider plateau region, such as the OD case. 
This hypothesis requires detailed verification based on micromechanics, which we intend to pursue 
through inverse deformation analysis [17, 18]. 
The increase in initial yield stress during FD tension is a behavior not previously observed for this 

DP590 steel. A significant time-lapse of approximately two months occurred between the initial JIS 
5 tensile test and the subsequent small round bar test. Consequently, there is a high probability that 
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static strain aging occurred during this period. It is possible that strain aging also affected the material 
response in the OD case. 
These results suggest that components containing regions of large deformation, such as bent sections, 

may exhibit higher-than-anticipated strength. This strength exceeds predictions based on the original 
flow stress curve obtained from a conventional JIS 5 tensile specimen. 

 

 

 
Direction 

relative to JIS 5 𝜀𝜀𝑝𝑝𝑝𝑝𝑝𝑝 𝜅𝜅 𝛾𝛾 𝜂𝜂 𝑌𝑌𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑡𝑡 𝜀𝜀𝐵𝐵 𝜀𝜀𝑆𝑆 𝐾𝐾𝑙𝑙 

Same 0.31 - - - 800 - 0.145 1.06 

Orthogonal 0.31 1229.8 0.12 0.0051 821 0.030 0.595 1.01 

 

 
 
 

500

600

700

800

900

0.0 0.2 0.4 0.6 0.8 1.0

Fl
ow

 st
rte

ss
 [M

Pa
]

Equivalent plastic strain

Offset curve (0.31 strain)

FD tension case

OD tension case

Fig. 4 Identified flow stress curves. 

Table 4. Parameters for 𝑌𝑌𝑠𝑠𝑡𝑡�𝜀𝜀𝑝𝑝� identified by subsequent compact tensile testing 
(following the JIS 5 tensile test) combined with FE simulation. 
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Summary 
This study investigated the influence of strain path changes on the work hardening behavior of 

DP590 AHSS following post-necking tensile deformation. 
In the experiment procedure, sheet specimens were first subjected to tensile deformation until 

necking occurred. Small round-bar tensile specimens were then extracted from the necked region. 
The flow stress curve for this second-stage tensile test (on the small round-bars) was identified by 
ensuring that an FE simulation accurately reproduced the measured diameter change and true stress. 
The key findings are as follows: 
1) When the material was subjected to large pre-deformation, an increase in the initial yield stress 

of the subsequent tensile test was observed, even without a change in the tensile direction. This 
behavior is presumably attributable to strain aging, although further investigation is required to 
confirm this mechanism. 

2) When the second-stage tensile direction was perpendicular to the preliminary tensile direction, 
the identified flow stress curve exhibited a nearly flat plateau, suggesting behavior approaching 
perfect plasticity. It should be noted, however, that the agreement between the experimental and 
simulated results for the OD case (Fig. 5b) is less satisfactory than that for the FD case (Fig. 5a), 
and the identified flow stress curve for the OD case should therefore be regarded as preliminary. 

This finding suggests that components containing regions of large deformation (such as bent 
sections) that have experienced post-necking strains may exhibit higher structural strength than would 
be predicted by the original flow stress curve. 
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